The vast majority of ovarian cancer-related deaths are caused by metastatic dissemination of tumor cells, resulting in subsequent organ failure. However, despite our increased understanding of the physiological processes involved in tumor metastasis, there are no clinically approved drugs that have made a major impact in increasing the overall survival of patients with advanced, metastatic ovarian cancer. We identified prosaposin (psap) as a potent inhibitor of tumor metastasis, which acts via stimulation of p53 and the antitumorigenic protein thrombospondin-1 (TSP-1) in bone marrow-derived cells that are recruited to metastatic sites. We report that more than 97% of human serous ovarian tumors tested express CD36, the receptor that mediates the proapoptotic activity of TSP-1. Accordingly, we sought to determine whether a peptide derived from psap would be effective in treating this form of ovarian cancer. To that end, we developed a cyclic peptide with drug-like properties derived from the active sequence in psap. The cyclic psap peptide promoted tumor regression in a patient-derived tumor xenograft model of metastatic ovarian cancer. Thus, we hypothesize that a therapeutic agent based on this psap peptide would have efficacy in treating patients with metastatic ovarian cancer.
INTRODUCTION
Ovarian cancer is the most lethal gynecologic malignancy and the fourth leading cause of cancer deaths in women (1) . Pathologically, ovarian cancer is categorized into multiple subtypes, with epithelialderived tumors being the predominant and most lethal form (1, 2) . Within this group, the serous ovarian subtype is the most prevalent (1, 2) . Despite our increased understanding of the biology governing the progression of epithelial ovarian cancer (EOC) and, more specifically, high-grade serous ovarian cancer (HGSOC), the survival rate for patients with advanced-stage disease remains low (1, 3) . Hence, there is a compelling need for therapies that can effectively treat advanced, metastatic ovarian cancer. Although many ovarian cancer patients display a transient response to platinum agents when these are used as first-line therapy, the vast majority develop recurrent chemoresistant disease within 6 to 18 months (4, 5) . Currently, there are no approved therapies that meaningfully increase overall survival for these patients.
We previously reported that prosaposin (psap) potently inhibits tumor metastasis in multiple tumor models (6, 7) . Specifically, we determined that psap, and a five-amino acid peptide residing within it, inhibits tumor metastasis by stimulating the production and release of the antitumorigenic protein thrombospondin-1 (TSP-1) (8) (9) (10) by CD11b
hi monocytes (6) . These monocytes are recruited to sites of future metastatic lesions, termed premetastatic niches, where they persist after colonization and stimulate tumor growth (11) . Systemic administration of the psap peptide stimulates the production of TSP-1 in these cells, which renders the sites to which they are recruited refractory to future metastatic colonization (6) . These results demonstrated that stimulation of TSP-1 in the tumor microenvironment could repress the formation of subsequent metastatic colonies. Unfortunately, as many as 75% of ovarian cancer patients present with metastatic disease at initial diagnosis (1) . Hence, a therapeutic agent that could shrink, or at least stabilize, metastatic lesions is desperately needed.
Here, we demonstrate that stimulating TSP-1 in the microenvironment of a metastatic, platinum-resistant, ovarian cancer patient-derived xenograft (PDX) model can induce regression of established lesions. We show that this striking effect is achieved because of the fact that HGSOC cells express the receptor for TSP-1, CD36. CD36 mediates a proapoptotic effect in ovarian tumor cells that, until recently, was observed primarily in endothelial cells (12, 13) . Thus, our findings represent a potential therapeutic strategy for metastatic ovarian cancer.
RESULTS
Incorporation of D-amino acids increases the activity of a psap peptide in vivo We previously described the identification of four-and five-amino acid peptides derived from the saposin A domain of psap that, when administered systemically, were able to inhibit the formation of metastases in a tail vein model of Lewis lung carcinoma and in an adjuvant model of human breast cancer metastasis (6) . Although these findings were encouraging, the therapeutic efficacy of linear peptides is often limited by their instability. One common method of increasing the stability of peptides in vivo is to incorporate D-amino acids into the sequence, because D-amino acids are not incorporated into naturally occurring proteins and proteases do not recognize them as substrates (14) (15) (16) (17) (18) . Hence, we sought to improve the stability of the four-amino acid psap peptide by incorporating D-amino acids at different residues. Specifically, we synthesized two peptides with D-amino acids incorporated, in combination, at the first (aspartate) and third (leucine), or at the second (tryptophan) and fourth (proline), residues. We tested the activity of these peptides along with the native L-amino acid peptide in vitro by measuring their ability to stimulate TSP-1 in WI-38 lung fibroblasts. We found, by Western blot analysis, that there was no difference in the amount of TSP-1 expression stimulated in these fibroblasts by the three peptides in vitro (Fig. 1A) .
We then tested the activity of the 1,3-D-amino acid psap peptide and the native psap peptide in vivo. We systemically administered the peptides to C57BL6/J mice that were pretreated with conditioned medium (CM) from PC3M-LN4 (LN4) cells, which can mimic the systemic properties of metastatic tumors by repressing the expression of TSP-1 in the lungs of mice (6, 7) . After 3 days of treatment with LN4 CM alone or in combination with the D-or L-amino acid peptides at a dose of 30 mg/kg, we prepared proteins pooled from the harvested lungs of each treatment group. We then quantified TSP-1 expression in the lungs of these mice by Western blot analysis. We observed that the 1,3-D-amino acid peptide stimulated TSP-1 expression more than 10-fold greater than the native peptide (Fig. 1B) . In light of the observation that the in vitro activity of the two peptides was virtually identical, we surmised that the difference in activity in vivo was due to a difference in stability in the circulation.
Human HGSOC cells are sensitive to killing by TSP-1 To test the efficacy of the D-amino acid psap peptide, we sought to determine a suitable tumor model that would represent a potential clinical application for the peptide. Given that psap, and the peptide we derived from it, stimulates TSP-1 protein expression in bone marrow-derived cells that are recruited to sites of metastasis, we sought to identify a specific type of cancer that expresses CD36, the receptor for TSP-1 that mediates its proapoptotic activity (12) . Serous ovarian epithelial cells and human ovarian cancer cells express CD36 (13, 19, 20) . Accordingly, we surveyed 12 primary human ovarian cancer cell lines derived from the ascites of patients with HGSOC for the expression of CD36. We found that all 12 of the patient-derived cell lines tested expressed CD36, which was readily detectable by Western blot (Fig. 1C and fig.  S1 ). We then treated three of these cell lines (DF14, DF118, and DF216) (table S1) with recombinant human TSP-1 (rhTSP-1) (0.2 nM) for up to 72 hours in vitro and determined its effect on cell number [as measured via water-soluble tetrazolium salt 1 (Wst-1)] and apoptosis. We found that rhTSP-1 treatment reduced cell numbers by up to 50% after 72 hours ( Fig. 1D ; P = 0.0094 at 48 hours and 0.0014 at 72 hours by Student's t test). Moreover, we observed by fluorescence-activated cell sorting (FACS) analysis that 30 to 60% of TSP-1-treated cells in all three patientderived cell lines were undergoing apoptosis after TSP-1 treatment, as defined by annexin V positivity (Fig. 1E and fig. S2 ). In contrast, we observed that, after cisplatin treatment, a much greater percentage of ovarian cancer cells underwent necrosis, as defined by low annexin V and high propidium iodide (PI) staining (Fig. 1E) . Finally, we treated the DF14 patient-derived cell line with rhTSP-1 in combination with an antibody to CD36 that blocks TSP-1 binding (21) . We found that the percentage of cells in late apoptosis, defined as staining positive for PI and annexin V, increased from 8.44 to 18.1% when the cells were treated with rhTSP-1 alone (compared to untreated cells) ( fig. S3 ). Strikingly, when DF14 cells were treated with rhTSP-1 in combination with the CD36 antibody, the percentage of cells in late apoptosis decreased from 18.1 to 6.98% ( fig. S3 ). These findings suggest that ovarian cancer cells may respond favorably to treatment with the psap peptide.
The psap peptide induces regression in primary ovarian tumors We sought to determine whether the D1,3 psap peptide could be effective in treating primary ovarian tumors. Therefore, we made use of the murine 1D8 ovarian cancer cell line to test the activity of the psap peptide in a syngeneic model with an intact immune system (22) . 1D8 cells also express CD36, the receptor for TSP-1 (13, 19) . We injected 1 × 10 6 luciferase-expressing 1D8 cells orthotopically into the ovarian bursa of immunocompetent C57BL6/J mice. We allowed the tumors to grow for 31 days before initiating treatment with saline or the D1,3 psap peptide at a dose of 40 mg/kg per day (n = 8 per group). At the time of treatment, the difference in the average luciferase intensity of the peptide and control groups was not statistically significant (3.76 × 10 6 versus 5.76 × 10 6 ; P = 0.596 by Mann-Whitney U test). We treated the mice with the psap peptide for 20 days, at which point the average luciferase intensity of the psap peptide-treated tumors was significantly lower than that of the control-treated tumors (3.32 × 10 6 versus 2.46 × 10
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; P = 0.00438 by Mann-Whitney U test) ( Fig. 2A) . We then discontinued treatment to determine whether the tumors would remain inhibited or grow out. After the cessation of treatment, we observed that not only did the tumors previously treated with psap peptide resume growing but also the average luciferase intensity was not significantly different than that of the control-treated tumors by day 83 (peptide, 5.03 × 10 7 versus 3.81 × 10 7 ; P = 0.497 by Mann-Whitney U test). Accordingly, the treatment was restarted at day 83 and continued for an additional 21 days. For the first week of treatment, the tumors continued to grow, though slower than the control-treated tumors ( Fig. 2A) . However, after the first week of treatment, the luciferase intensity of the psap peptidetreated tumors began to decrease, and after the third week of treatment (day 104), the average luciferase intensity of the psap peptide-treated group was lower than the intensity at day 83 and significantly lower than the control-treated group (1.17 × 10 7 versus 1.25 × 10 8 ; P = 0.00578 by Mann-Whitney U test) (Fig. 2, A and B) . At this time, the control-treated mice began to show signs of morbidity, the experiment was ended, and the tumors were harvested, weighed, and analyzed histologically.
Upon gross examination of the mice, we made three striking observations. The first was that the peptide-treated tumors were about half the size (mass) of the control-treated tumors (51.2%; P = 0.0086 by Student's t test) (Fig. 2C) . Second, consistent with human disease, the control-treated mice all developed severe ascites, whereas the psap peptide-treated mice had minimal to no ascites fluid (average ascites volume of 17.5 versus 3.4 ml per mouse; P < 0.001 by Student's t test; Fig.  2D ). Third, when we examined the tumors histologically by immunofluorescence, we observed that the reduction in tumor size was accompanied by an induced expression of TSP-1 in CD11b
+ cells, as previously observed (6) . We observed markedly increased TSP-1 expression in psap peptide-treated tumors compared to control-treated tumors and found that TSP-1 colocalized with GR1 + cells (Fig. 2E ). As demonstrated by TUNEL (terminal deoxynucleotidyl transferasemediated deoxyuridine triphosphate nick end labeling) staining, psap peptide-treated 1D8 tumors contained, on average, 30% apoptotic cells, whereas control-treated 1D8 tumors contained less than 1% apoptotic cells (Fig. 2, F and G). These findings were consistent with the observation that 1D8 cells express even more CD36 than the patient-derived DF14 cells (Fig. 2H) .
In addition to its ability to induce tumor cell apoptosis in a CD36-dependent manner, TSP-1 also has potent antiangiogenic activity via induction of endothelial cell apoptosis in a CD36-dependent manner (12) . Accordingly, we analyzed the vascularity of 1D8 tumors to determine whether treatment with the psap peptide inhibited angiogenesis. We performed immunohistochemical analysis for CD31, a marker of endothelial cells, and observed a marked difference in vascularity between psap peptide-treated and control-treated tumors. Specifically, vessels in psap peptide-treated tumors occupied~10-fold less area than those in the control-treated tumors (5.7% versus 0.59%; P = 0.0011 by Wilcoxon analysis) (Fig. 3, A and B) . The vessels that were present in peptide-treated tumors were smaller than those in control tumors and did not appear to have open lumens (Fig. 3A , lower right panel). Moreover, psap peptide-treated tumors contained, on average, 4.3-fold fewer vessels than control-treated tumors (18.4 versus 4.3 vessels per field; P = 0.004 by Wilcoxon analysis) (Fig. 3, A and C) .
In accordance with published reports that TSP-1 can stimulate the recruitment of macrophages (23), we sought to determine whether macrophage infiltration was affected by the stimulation of TSP-1 by the psap peptide. To do so, we stained tumor sections of psap peptide-and controltreated mice for CD107b (Mac-3) and found that psap peptide-treated tumors contained 8.5-fold more macrophages than control-treated tumors (80.0 versus 9.4; P < 0.001 by Wilcoxon analysis) (Fig. 3, D and E) . This finding was consistent with the reported activity of TSP-1 in recruiting macrophages (23). Moreover, hematoxylin and eosin (H&E) examination of the livers of tumor-bearing mice revealed that five of five control-treated mice had extensive liver surface implant metastases (about eight metastases per liver), whereas the peptide-treated mice had significantly fewer metastases: three of five mice had no metastases, and of the remaining two mice, one had six and one had only one metastatic lesion (P = 0.033 by Wilcoxon analysis) (Fig. 3, F to H) . On the basis of these findings, we conclude that the psap peptide is effective in treating primary ovarian tumors and inhibiting metastasis via three potential mechanisms: induction of tumor cell apoptosis, inhibition of angiogenesis, and promotion of macrophage infiltration.
The psap peptide induces regression in a PDX model of ovarian cancer Although the ability of the psap peptide to shrink primary ovarian tumors and inhibit metastasis was an important proof of concept, unfortunately, 75% of ovarian cancer patients already have disseminated disease at the time of diagnosis (1). For these patients, inhibiting metastasis would have limited therapeutic benefit. Rather, these patients require a therapeutic agent that can shrink or, at the very least, stabilize existing metastases. Thus, we sought to determine whether the D-amino acid psap peptide could have therapeutic efficacy in a model of established metastatic dissemination. Accordingly, we injected 1 × 10 6 DF14 cells, which were isolated from the ascites of a patient with HGSOC, into the peritoneal cavity of severe combined immunodeficient (SCID) mice to mimic the route of dissemination of human ovarian cancer. This was one of the 12 PDX cell lines found to express CD36 (Fig. 1C and fig. S1 ) (24) . The cells were retrovirally transduced with a vector expressing firefly luciferase, which allowed the growth of metastatic colonies in the mice to be monitored in real time via relative luciferase intensity. When the average intensity of the luciferase signal was 0.5 × 10 8 to 1 × 10 8 relative luciferase units (RLU), we began treatment with vehicle (saline) (n = 12), the D-amino acid peptide (40 mg/kg daily) (n = 12), or cisplatin (4 mg/kg every other day) (n = 12) (25). We observed that both the peptide and cisplatin decreased tumor volume, as determined by luciferase intensity, for the first 20 days of treatment (Fig. 4A) . However, during those 20 days, half of the cisplatin-treated mice died from adverse side effects of the drug as defined by total body weight, which decreased by an average of 40% ( fig. S4) . Moreover, after 20 days, the tumors in surviving cisplatin-treated mice began to grow, despite continued treatment with cisplatin. All the remaining cisplatintreated mice died within 10 more days (Fig. 4A) .
In contrast to cisplatin-treated mice, no loss of body weight was observed in peptide-treated mice ( fig. S4) , and the tumors continued to shrink until day 48, when there was no detectable luciferase signal in any of the mice (Fig. 4, A and B , and figs. S5 and S6). We continued to treat these mice for an additional 35 days (83 days in total), until the control-treated group displayed conditions associated with morbidity, such as ataxia and hunched posture. During this treatment time, the luciferase signal never reemerged in the peptide-treated mice, and gross examination of the mice revealed no metastatic lesions (Fig. 4, A and C) . This was in stark contrast to the control-treated mice, which had multiple macrometastatic lesions visible on the surface of the liver and at the interface between the liver and pancreas (Fig. 4, C and D) . At necropsy, all abdominal organs were examined grossly and the livers and spleens histologically (H&E). We were unable to identify any metastatic lesions in the psap peptide-treated mice, and the liver morphology did not appear abnormal (Fig. 4D) . Finally, we sought to determine whether metastases in the peritoneal cavity recruited CD11b + /GR1 + bone marrow-derived cells, analogous to lung metastases (6) . To that end, we collected ascites fluid from the peritoneal cavity of control-treated mice bearing DF14 metastases and fluid from the peritoneal cavity of psap peptide-treated mice that showed no signs of metastases. As was the case with mice bearing 1D8 tumors, the incidence of ascites fluid in peptide-treated mice (1 of 12) was lower than in control-treated mice (5 of 12). FACS analysis of the ascites fluid from these mice revealed that 71 to 77% of the cells in the peritoneal fluid of control-treated mice were CD11b + /GR1 + (Fig. 4E) , whereas only 31.4% of the cells in the peritoneal fluid from the lone peptide-treated mouse that developed ascites were CD11b + /GR1 + (Fig. 4E) . On the basis of these findings, we concluded that the psap peptide was able to stimulate regression of established metastases to the point where no detectable lesions could be found.
Cyclization further stabilizes the psap peptide and increases its activity
Although the results of the peptide treatment of the PDX model of ovarian cancer were very promising, we postulated that the stability and activity of the peptide could be further improved. We noted that the peptide that we derived from psap was located in a region of the protein that contained a 13-amino acid loop between two helices that was stabilized by a disulfide bond (6) . We therefore synthesized a five-amino acid peptide that was cyclized via backbone (N-C) cyclization, in which the C-terminal lysine is linked via a peptide bond to the N-terminal aspartate. We then tested the activity of this peptide in vitro by evaluating its ability to stimulate TSP-1. We found that the cyclic peptide stimulated TSP-1 up to twofold greater than the D-amino acid linear peptide (Fig. 5A) .
Cyclization of peptides is a process with the potential to increase stability by forcing peptides into a conformation that is not recognized by most naturally occurring proteases (17, 18, (26) (27) (28) (29) (30) . We therefore compared the stability in human plasma of the cyclic psap-derived peptide to the linear D-amino acid peptide. We incubated both peptides in human plasma at 37°C for up to 24 hours and then tested the ability of the plasma/peptide mixture to stimulate TSP-1 in WI-38 fibroblasts. We measured the amount of secreted TSP-1 in lung fibroblasts after treatment with the peptide/plasma mixture by enzyme-linked immunosorbent assay (ELISA) and found that the stimulation of TSP-1 by the two peptides was roughly equivalent after up to 8 hours of incubation (Fig. 5B) . However, after 24 hours of incubation in human plasma, the cyclic peptide retained greater than 70% of its TSP-1-stimulating activity, whereas the plasma that contained the linear peptide was no longer able to stimulate TSP-1 (P = 0.003, calculated by Student's t test) (Fig. 5B) . Hence, we concluded that the cyclic peptide was more stable and active over a longer time than the linear D-amino acid peptide.
On the basis of these findings, we decided to test the efficacy of the cyclic peptide in the DF14 model. To better study the effects of the peptide on the metastatic lesions, we injected mice intraperitoneally with 1 × 10 6 cells and allowed the luciferase signal to reach 3.2 × 10 9 RLU. We then treated the mice with the cyclic peptide at a dose of 10 mg/kg per day (a lower dose than previously used, based on the increased in vitro activity and ex vivo stability/activity compared to the D1,3 peptide) for only 15 days to ensure that there would be sufficient tumor tissue to analyze. After only 15 days of treatment, the average luciferase signal in the peptide-treated mice decreased from 3.2 × 10 9 to 2.8 × 10
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, whereas the vehicle-treated tumors continued to grow (Fig. 5C ). We then analyzed the omentum, which was the major site for metastatic lesions, by H&E staining and found that the metastatic lesions in the peptide-treated mice were~2.3-fold smaller than those in the saline-treated mice (P = 0.046; as calculated by Student's t test) (Fig. 5, D and E) . We then stained the lesions in the omentum via immunohistochemistry and immunofluorescence for TSP-1, GR1, and TUNEL. Consistent with our previous observations, we found widespread TSP-1 expression in extracellular matrix, with virtually all of the GR1 + cells in the metastatic microenvironment of psap peptide-treated mice staining positive for TSP-1 (Fig. 5F) (6) . Conversely, TSP-1 expression was virtually undetectable in the microenvironment of metastatic lesions of control-treated mice (Fig. 5F ). On the basis of the induced expression of TSP-1 and the observation that all of the patient-derived ovarian cancer cells that we evaluated express CD36 (Fig. 1C) , we sought to determine whether the TSP-1 expression in the metastatic microenvironment was inducing apoptosis in the tumor cells, as observed in vitro (Fig. 1E) . TUNEL staining revealed that the metastatic lesions in the peptide-treated mice contained a significantly greater percentage of apoptotic cells compared to control (saline)-treated tumors (59% versus 11.4%) (P < 0.0001, Fisher's exact test) (Fig. 5, G and H) .
Metastatic HGSOC tumors express less psap but more CD36 than primary tumors
Having demonstrated the activity of the psap peptides against tumors formed by patient-derived ovarian cancer cells, which all expressed CD36, we sought to determine how prevalent CD36 expression was in human ovarian cancer patients, and thus how widely applicable a potential psap-based therapeutic agent would be for this disease. We also postulated, on the basis of its biological activity, that psap expression should decrease as tumors progress to the metastatic stage. Accordingly, we used a previously described high-density tissue microarray (TMA) composed of 134 cases with metastatic HGSOC and normal tissue from 46 patients (stage III or IV) (31) . We then stained the tissue for CD36 and psap expression and scored the intensity using the staining index (SI) method (6) . We found that 61% of normal tissue expressed CD36 with an average SI of 2.39 (of a possible maximum score of 9) (Fig. 6, A and B, fig. S7 , and Table 1 ). Analysis of 134 primary ovarian tumors revealed that 97% (130 of 134) of tumors stained positive for CD36 with an average SI of 5.32, which was significantly higher than that of normal tissue (P < 0.0001; calculated by WilcoxonMann-Whitney) (Fig. 6, A and B, and Table 1 ). When we examined 121 visceral metastases from the 134 patients, we found that 97% (117 of 121) of the metastatic lesions stained positive for CD36 with an average SI of 6.61, which was significantly higher than that of primary serous ovarian tumors (P = 0.0003; calculated by Mann-Whitney U test) (Fig. 6, A and B, and Table 1 ). Finally, we observed that 100% of lymph node metastases (13 of 13) stained positive for CD36 with an average SI of 6.69, which did not differ statistically from that of primary tumors because of the small sample size (P = 0.1006 by Mann-Whitney U test) (Fig. 6, A and B, and Table 1) .
We then turned our attention to the expression of psap in human ovarian cancer patients with the expectation that it should decrease with tumor progression based on its mechanism of action. When we examined psap expression in the ovarian cancer TMA samples, we found that normal ovaries expressed relatively low amounts of psap with an average SI of 4.29 (Fig. 6 , C and D, and Table 2 ). Primary ovarian tumors expressed significantly more psap than normal tissue, with an average SI of 5.17 (P = 0.0037; calculated by MannWhitney U test) (Fig. 6 , C and D, and Table 2 ). However, when we examined the expression of PSAP in visceral and lymph node metastases, we found that it was significantly lower than in primary tumors, with average SIs of 4.14 and 4.07, respectively (P < 0.0001; calculated by MannWhitney U test) (Fig. 6 , C and D, and Table 2 ). Thus, when taken together, these findings demonstrate that CD36 expression is increased in primary ovarian tumors compared to normal tissue and is further increased in metastatic lesions compared to primary tumors, whereas psap expression decreases with tumor progression. These findings suggest that metastatic ovarian tumors repress psap expression but retain CD36, which supports the hypothesis that ovarian cancer could be effectively treated with a psap-derived therapy.
DISCUSSION
Ovarian cancer is one of the most lethal malignancies, with a 5-year survival rate of <10% for advanced-stage (stage III/IV) patients (1). Although platinum-based therapies in combination with taxanes display efficacy in patients with earlystage disease, most patients eventually develop resistance. For these patients, there are no approved therapies that appreciably extend their survival. Accordingly, we set out to develop a therapeutic agent to treat advanced-stage HGSOC.
Through an analysis of human ovarian cancer cell lines isolated directly from patient ascites, we found that all tested cell lines express CD36, the receptor for TSP-1, which is the downstream target of psap and the psap peptide in bone marrowderived cells. We also demonstrated that recombinant TSP-1 induces apoptosis in these CD36-expressing serous ovarian cancer cells. On the basis of these findings, we hypothesized that a peptide derived from psap, which stimulates the expression of TSP-1 in bone marrow-derived monocytes (6, 7), could be effective in treating high-grade serous ovarian tumors.
Here, we demonstrated that the in vitro proapoptotic effect of TSP-1 on ovarian cancer cells could be recapitulated in both a syngeneic and a PDX model of ovarian cancer using two different psap-derived peptides. The induced expression of TSP-1 in these models resulted in apoptosis in the tumor cells and regression of established metastases.
In addition to demonstrating that induction of TSP-1 can induce the regression of ovarian tumors, we also delineated the development process of a cyclic peptide derived from psap, which has greater activity and stability than the native peptide. Specifically, we demonstrated that incorporation of D-amino acids at the first and third residues of the native linear peptide increases in vivo activity. We then further modified the peptide to make it more drug-like by cyclizing a five-amino acid peptide via backbone N-C cyclization. The cyclic peptide displayed even greater in vivo activity than the D-amino acid linear peptide. Moreover, we demonstrated that both modified peptides can promote regression of established metastases in a PDX model of ovarian cancer. The cells used in this PDX model were derived from patients resistant to platinum, the most common first-line treatment for ovarian cancer. Treatment with either the D1,3 or cyclic psap peptide resulted in no observed toxicity, either grossly by way of body weight or hair loss or histologically as measured by liver morphology.
Our results demonstrate that the psap peptide is capable of inhibiting ovarian cancer progression via three distinct mechanisms, all mediated by the induction of TSP-1. The first is via direct cell killing mediated by downstream signaling from CD36 triggered by TSP-1 (12) . The second is via the widely established antiangiogenic activity of TSP-1 (8) . The third is via recruitment of macrophages, which is consistent with TSP-1 binding to its other cell surface receptor, CD47, to block the "do not eat me" signal mediated by CD47 binding to SIRPa on macrophages (32, 33) .
Finally, an analysis of tumor tissue from 134 patients with serous ovarian cancer revealed that 97% of the tumors expressed CD36. CD36 expression was not only maintained in metastatic lesions but also actually increased with tumor progression. In addition to being a receptor for TSP-1, CD36 is also a fatty acid translocase (34, 35) . In this context, it should be noted that ovarian cancer has a propensity for metastasizing to the omentum, a fatty structure in the lower abdomen (36) . Together, these findings suggest that there may be a causative relationship between CD36 expression and ovarian cancer metastasis. In this scenario, the selective pressure to maintain CD36 expression may prevent the development of resistance to a psap/TSP-1-based therapeutic agent, because loss of CD36 would decrease the tumor's ability to use lipids as a source of energy.
One limitation of this study is that, although we were able to establish that virtually all serous ovarian cancer cells that we analyzed express CD36 and that rhTSP-1 was able to induce apoptosis in a subset of these cells in a CD36-dependent manner, we were only able to test the efficacy of the PSAP peptides in two animal models. Therefore, although we can predict that the PSAP peptide could have potent efficacy against ovarian cancer in patients, many more models will need to be tested before this prediction can be validated.
The findings that we present here suggest that a psap-based therapeutic agent could have efficacy for the vast majority of ovarian cancer patients, given its mechanism of action and the prevalence of CD36 expression in the tumor cells of these patients. The fact that the cyclic psap peptide has efficacy at a dose that translates to <1 mg/kg (37) for human patients and has drug-like stability suggests that, with continued preclinical development, it could be a viable therapeutic agent that may be able to extend the lives and improve the quality of life for patients with HGSOC.
MATERIALS AND METHODS

Study design
The number of animals for studies was calculated using Power calculations with an f 2 of 0.35 and a desired P value of 0.05, allowing us to use a minimum of eight animals per group. Animal experiments were ended when mice in any group met criteria for euthanasia as defined by the Boston Children's Hospital Institutional Animal Care and Use Committee. The objective of this study was to determine whether stimulation of TSP-1 in the tumor microenvironment by peptides derived from psap would inhibit or reverse the growth of primary ovarian tumors and metastases expressing CD36, a receptor for TSP-1 that mediates its apoptotic activity. Animals were assigned to study groups based on the luciferase intensities at the onset of treatment such that each group had average luciferase intensities that were as similar as possible. Where more than one treatment was used, the treatments were keyed, and dosing was performed in a blinded manner. At the end point of the experiment, the study was unblinded by revealing the key to the person analyzing the data. All in vitro experiments were performed in triplicate with a minimum of five independent replicates. Animal studies were performed a minimum of one time with studies powered accordingly.
Research objective
The objective of this study was to determine whether stimulation of TSP-1 in the tumor microenvironment by peptides derived from psap would inhibit or reverse the growth of primary ovarian tumors and metastases expressing CD36, a receptor for TSP-1 that mediates its apoptotic activity.
Research subjects
The subjects of the research conducted in this study were C.B-17 SCID mice and C57BL6/J mice. We also used patient-derived ovarian cancer cells that were treated in culture with different agents.
Experimental design
We conducted a controlled animal study to test the effects of two peptides derived from psap on the growth and survival of metastatic colonies formed by patient-derived ovarian cancer cells in the peritoneal cavity of SCID mice. The mice were treated with two peptides, a four-amino acid linear peptide with D-amino acids incorporated in the first and third residues and a cyclic five-amino acid peptide. The mice were also treated with cisplatin to compare the efficacy and safety of the peptides with a commonly used chemotherapeutic agent. The control treatment for the mice was saline, the vehicle used to deliver the peptides and cisplatin. Tumors were monitored by in vivo bioluminescent imaging, because the cells were labeled with luciferase. Body weight was also recorded throughout the course of treatment.
Animal tumor models
Ovarian cancer PDX model. For the ovarian cancer PDX model, 8-week-old female SCID mice (n = 12 per group) were injected with 1 × 10 6 DF14 cells, which were derived from patient ascites and expressed firefly luciferase, into the peritoneal cavity. The growth of metastatic colonies in the mice was monitored by a Xenogen IVIS-200 system (Xenogen) twice per week. The mice were treated when the average intensity of the luciferase signal was between 0.5 and 1 × 10 8 RLU. The dose for the D-amino acid peptide (>95% purity) (AnaSpec) was 40 mg/kg per day, and the dose for cis-diamineplatinum(II) dichloride (cisplatin, Sigma-Aldrich) was 4 mg/kg every other day. Both drugs were administered by intraperitoneal injection.
To better study the effects of the cyclic peptide (>95% purity) (AnaSpec), 8-week-old female SCID mice (n = 16 mice per group) were injected with 1 × 10 6 DF14 cells into the peritoneal cavity. The growth of metastatic colonies in the mice was monitored by a Xenogen IVIS system twice per week. Mice were treated when the average intensity of the luciferase signal reached 9 × 10 9 RLU. The dose for the cyclic peptide was 10 mg/kg per day, administered by intraperitoneal injection. Statistical significance for differences in luciferase intensity, body weight, and tumor area was determined by ANOVA.
Statistical analysis
Differences in cell survival, proliferation, and secretion of TSP-1 measured by ELISA were evaluated for statistical significance by ANOVA (KaleidaGraph, Synergy Software). Differences in the area of metastatic lesions between treated and untreated mice were evaluated for statistical significance by Student's t test (KaleidaGraph, Synergy Software). Differences in the fraction of TUNEL-positive cells between tumors treated with saline and tumors treated with the cyclic psap peptide were evaluated for statistical significance by c 2 and Fisher's exact test. Differences in SIs of ovarian cancer patient tumor microarrays were evaluated for statistical significance by Wilcoxon-Mann-Whitney analysis (KaleidaGraph, Synergy Software). For all analyses, P values <0.05 were considered statistically significant. All tests were two-tailed. Original data for individual mice are provided in table S2.
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